A method for estimating the activity of bacterial signal peptidase I (SPase I) was used to determine its activation energy (E act ). Pro-OmpA-nuclease A, a hybrid secretory precursor, was purified to homogeneity under denaturing conditions and used as a substrate. This substrate was used to determine the activity of SPase I at different temperatures. The results show that the conformation of the mature domain of the substrate pro-OmpA-nuclease A has no discernible effect on the activity of SPase I. The activity data at a range of temperatures were then used to determine the activation energy using the Arrhenius equation. We have estimated E act to be 10.4 ⍨ 0.6 kcal/mol. This work indicates that SPase I is as catalytically efficient as the His-Ser-Asp family of proteases.
Introduction
Almost all secretory proteins are synthesized with an aminoterminal extension known as the signal peptide. During protein secretion across the cytoplasmic membrane of Escherichia coli, specific proteases, called signal peptidases, are required for the removal of these signal peptide extensions. A number of signal peptidases have been isolated from various sources (Dalbey and Wickner, 1985; and their substrate specificities are remarkably similar and appear to be conserved in evolution. All secretory proteins of E.coli except for lipoproteins are processed by signal peptidase I (SPase I), a highly specific enzyme of a group of endopeptidases essential for the secretory machinery of E.coli (Dalbey and Wickner, 1985; . The enzyme consists of 323 amino acid residues and associates with the cytoplasmic membrane, where it is anchored by a transmembrane spanning segment (Dalbey and von Heijne, 1992) . SPase I catalyzes the removal of many different signal peptides at specific sites within the precursors (Dalbey and von Heijne, 1992) . In E.coli a -1,-3 consensus motif, defined by a small residue at -1 and a small or aliphatic residue at the -3 position preceding the cleavage site has been proposed (Perlman and Halvorson, 1983; Dierstein and Wickner, 1986) . Recently, it was shown that SPase I functions using a mechanism that may be dependent on a unique serine-lysine dyad (Black, 1993) . This proposed mechanism, unlike the Ser-His-Asp triad of most proteases, was not expected to be very efficient. Indeed, several studies Talarico et al., 1993) have indicated that the processing rate of SPase I is not very high. However, we have found that the activity of SPase I was several orders of magnitude greater than in previous determinations when the purified hybrid secretory precursor pro-OmpA-nuclease A was used as a substrate (Chatterjee et al., 1995) . The substrate, pro-OmpA-nuclease A, is a hybrid protein made by the fusion of the signal peptide of the E.coli major outer membrane protein OmpA with staphylococcal nuclease A. Previous determinations of SPase I activity using synthetic peptide fragments or the products of an in vitro expression system (Talarico et al., 1993) did not measure the full processing potential of the enzyme.
In the study presented here, using the method developed in our laboratory (Chatterjee et al., 1995) , the catalytic efficiency of the SPase I cleavage reaction was determined. The results indicate that SPase I has an activation energy that is comparable to those of several serine proteases (Lumry, 1959) .
Materials and methods
Materials 3Ј,5Ј-pdTp was obtained from Calbiochem.
Protein purification
Signal peptidase I was kindly provided by Ross Dalbey of Ohio State University. Pro-OmpA-nuclease A was purified as described (S.Chatterjee, D.Suciu and M.Inouye, manuscript in preparation). Pro-Omp-nuclease A (W140F) is a mutant in which the tryptophan at position 140 of nuclease A was changed to phenylalanine. This mutation has pronounced effects on the stability of the protein, resulting in a lowering of the melting temperature by 15°C.
Circular dichroism (CD)
Equilibrium CD measurements were performed on an automated Aviv 60DS spectrophotometer, connected to an IBM-PC running the Aviv 60DS system version 4.1t software. Protein concentrations were not allowed to exceed 0.2 mg/ml, which corresponds to a maximum optical density of~0.2 OD units at 280 nm. Protein solutions and baselines were scanned at slit widths ranging between 0.5 and 1.5 nm. Temperature denaturation experiments were performed from 10 to 70°C in 2°C increments. Samples were equilibrated for 1 min for each 1°C difference between readings. The loss of secondary structure was monitored at 222 nm. The unfolding transition was plotted as a function of part unfolded against temperature in°C. Actual conditions are detailed in the figure legends.
In order to determine the extent of stabilization that the inhibitor achieved on pro-OmpA-nuclease A (wild-type) and (W140F), temperature denaturation experiments were performed in the presence and absence of 90 µM 3Ј,5Ј-pdTp, a potent inhibitor of nuclease A. Pro-OmpA-nuclease A concentrations were maintained at~0.2 mg/ml, which is close to its concentration used for the SPase I assay (0.27 mg/ml). SPase I activity at different temperatures Reactions were carried out as described previously (Chatterjee et al., 1995) . Conditions were chosen in order to ensure that there was an excess amount of substrate. A refrigerated waterbath was used to control temperature. The reaction was performed from 10 to 50°C in either 2.5 or 5°C increments. Temperature was monitored continuously using a mercury thermometer (accuracy Ϯ0.1°C). The reaction was performed in 50 mM Tris-HCl, 1% Triton X-100 (pH 8.0). The pH variation expected for Tris buffer within the temperature range that was studied is only about 0.8. SPase I activity in this range has been tested and the rates remained within the error of the experiment (data not shown). Substrate solutions and enzyme solutions were equilibrated at each temperature for at least 10 min prior to the start of the reaction. The substrate concentration was 14.1 µM of pro-OmpA-nuclease A (for both wild-type and the W140F mutant). The concentration of SPase I used in the experiment was 2.9 (Ϯ0.3) nM for Figure  2 and 1.45 (Ϯ0.15) nM for E act determination (Figures 3 and  4) . Time points were taken in no more than 5 min increments from 0 to 20 min. At each time point, the reaction was terminated by adding 15 µl portions of the reaction mixture to 5 µl of SDS-PAGE loading buffer suplemented with MgCl 2 [100 mM MgCl 2 , 5% SDS, 25% glycerol, 200 mM β-mercaptoethanol, 200 mM Tris-HCl (pH 6.8)] and by immediately freezing the mixture in liquid nitrogen. The extent of processing of pro-OmpA-nuclease A by SPase I was monitored by resolving the mature and precursor bands by SDS-PAGE at a polyacrylamide concentration of 17.5%. After staining with Coomassie brilliant blue, the precursor and mature protein bands were quantitated using a Bio-Rad GS-670 imaging densitometer connected to an IBM-PC running Molecular Analyst (v. 1.1) imaging software. The total density in the two bands was taken as 100%, as there were no other bands on the gels. The fraction of the total density in the lower, mature protein band was taken as the measure of the extent of processing at that time point and multiplied by total amount of substrate in the reaction mixture (14.1 µM; the mol. wt of pro-OmpA-nuclease A is 18.8 kDa). Moles processed were plotted against time in seconds and a straight-line fit was made for each reaction. Only time points for which the reaction trace was linear were used to determine the processing rate. For reactions carried out at higher temperatures (Ͼ37°C), only the first 5-10 min were used. No time points were used for which the reaction had gone more than 50% to completion. The slope of the straight-line fit, moles processed per second, was converted into turnover rate by dividing the value by the total enzyme concentration in the reaction mixture [2.9 (Ϯ0.8) nM SPase I].
In order to show the effect of the structure of pro-OmpAnuclease A on the processing rate of SPase I, the following two parallel trials were performed: (a) the less thermodynamically stable W140F mutant pro-OmpA-nuclease A was used in conjunction with the wild type protein at the same temperature and (b) 3Ј,5Ј-pdTp was used to stabilize the structure of the mature portion of these proteins. The native conformation of nuclease A tightly binds the ligands Ca 2ϩ and 3Ј,5Ј-pdTp (Serpersu et al., 1986) and has no detectable effects on SPase I activity (unpublished results). 3Ј,5Ј-pdTp has a K I ϭ 0.54 µM for nuclease A (Cuatrecasas et al., 1967) . For a nuclease concentration of 14.1 µM, an inhibitor concentration of 90 µM would cause more than 99% binding. Quantitation of the inhibitor was performed spectrophotometrically using an extinction coefficient of E 1% ϭ 9.7 at 267 nm (information provided by the manufacturer).
Data analysis
The activation energy (E act ) was estimated from the Arrhenius equation:
where r is the reaction rate in moles of pro-OmpA-nuclease A processed per second, A the pre-exponential factor, E act the activation energy in kcal/mol, R the gas constant and T the reaction temperature in Kelvin. The natural logarithm of the reaction rate was plotted against the inverse of the temperature in Kelvin and a linear least-squares fit was performed using the curve-fitting routine supplied with the commercial program Kaleidagraph 2.1.3 (Abelbeck Software). The slope of the linear fit is equal to -E act /R.
Results

Effect of the conformation of pro-OmpA-nuclease A on its processing by SPase I
In an attempt to determine what, if any, is the role of the extent of folding of the mature polypeptide in processing by SPase I, the processing reaction was carried out under conditions that were expected to denature the mature protein. Two different substrates were used for this experiment. As can be seen in Figure 1A and B and summarized in Table I , the melting temperatures pro-OmpA-nuclease A (wild-type) and (W140F) differ by 12°C. The less stable mutant protein was found to be almost a third of the way into its denaturation transition at 30°C ( Figure 1B) , whereas for the wild-type protein this did not happen until at least 45°C ( Figure 1A) . Therefore, one could determine the effect of the mature native structure on SPase I processing by comparing the processing rates of wild-type and mutant pro-OmpA-nuclease A, measured between 30 and 40°C. Under these conditions, the wild-type precursor displays native structure and the mutant pro-OmpAnuclease A displays a partially to totally denatured state.
Another control was used to verify that there was no effect specific to the mutant precursor that could lead to an alteration in its processing by SPase I. 3Ј,5Ј-pdTp has been shown to be a potent inhibitor of nuclease A (Cuatrecasas et al., 1967) . In addition, this inhibitor has the ability to stabilize the tertiary structure of nuclease A (Taniuchi et al., 1969; Shortle and Meeker, 1989; Flanagan et al., 1992) . The melting temperatures of nuclease A, pro-OmpA-nuclease A (wild-type) and (W140F), were determined using far-UV equilibrium CD. Figure 1A and B and Table I show the melting temperatures in the presence and absence of 3Ј,5Ј-pdTp and 10 mM CaCl 2 , which is required for activity and binding of inhibitor. The presence of inhibitor was shown to increase the melting temperature of both proteins by at least 10°C. Figure 2 shows the processing rate of pro-OmpA-nuclease A wild type and W140F in the presence and absence of 3Ј,5Ј-pdTp from 10 to 40°C. Except for the 40°C time point, there is no difference between the processing rates of the different precursor proteins in the presence and absence of inhibitor. The only difference was seen at 40°C with the W140F mutant precursor in the absence of inhibitor. This was found to be due to precipitation that took place with this protein under the conditions used. These results clearly indicate that there is no detectable effect of secretory protein tertiary structure on its processing by SPase I.
Effect of temperature on the activity of SPase I
One of the problems with using a protein as a substrate for an enzyme is that it is difficult to determine with any certainty whether temperature effects are affecting the protein substrate, the protein enzyme or both. In this study, we have been able Fig. 1 . Temperature dependence of the ellipticity of pro-OmpA-nuclease A, wild-type and W140F as measured at 222 nm in the presence and absence of 3Ј,5Ј-pdTp. Each graph shows the effect of inhibitor on the unfolding transitions of wild-type (A) and W140F mutant (B). Protein solutions were in 20 mM Tris-HCl, pH 7.0, 10 mM CaCl 2 and in the presence (empty symbols) and absence (filled symbols) of 90 µM 3Ј,5Ј-pdTp. The temperature increase was 2°C per reading. Samples were equilibrated for 2 min at each temperature. Readings were taken for 6 s and averaged. The ordinate refers to the position of each measurement relative to native (0) and unfolded (1.0) states for each transition. Conversion of raw ellipticity data to part unfolded data was made by subtracting the ellipticity of the native protein from the data set and dividing the resulting data set by the difference between the native and unfolded ellipticities. Curve fitting was performed using the van't Hoff equation as has been described previously (Greenfield et al., 1994) . Unfolding transitions were performed at least three times. This represents a typical plot. The solid line that is plotted through the points represents the averaged results of the curve fitting for each data set. It is the ideal curve for the data set and from these curves the data in Table I are derived. a Melting temperature is given as the mean of at least two independent determinations Ϯ the standard deviation of the mean. 3 . Effect of temperature on the processing rate of wild-type proOmpA-nuclease A by SPase I. The turnover rate is plotted in s -1 against temperature in°C. The values for the turnover rates were determined by dividing the reaction rate, given in moles of pro-OmpA-nuclease A processed per liter per second by the molar enzyme concentration. Reaction rates were measured from 10 to 50°C in 2.5°C increments. The substrate concentration was 14.1 µM and the enzyme concentration was 1.45 (Ϯ0.15) nM. Reaction conditions were designed to replicate the conditions used previously (Chatterjee et al., 1995) to determine K m and k cat for the SPase I.
to eliminate categorically one of these two possibilities. The previous results have shown that, within the temperature range that was studied, the native structure of pro-OmpA-nuclease A has no effect on its cleavage by SPase I. Figure 3 shows the turnover rate for the cleavage reaction of pro-OmpA-nuclease A (wild-type) by SPase I in a temperature range 10-50°C. Previously, we determined k cat for SPase I at 37°C to be 8.73 s -1 (Chatterjee et al., 1995) . The turnover rate presented in Figure 3 (for 37.5°C), is exactly where it is supposed to be (~5 s -1 ), reflecting a sub-optimal processing rate, a result of using a substrate concentration that is just under that of the Reaction rates, given in moles of pro-OmpA-nuclease A processed per liter per second, determined between 10 and 40°C and plotted as k cat in Figure 3 , were used to compute the activation energy. The natural logarithms of these reaction rates are plotted against the reciprocal of temperature in K. The activation energy (E act ) was derived from the slope of a linear fit (---) to the experimental data (empty symbols). Error bars are shown for each experiment; they reflect the standard error for a linear fit of the extent of processing plotted against time of at least two trials at each temperature.
K m . In addition, at the same temperature (37.5°C) and substrate concentration (14.1 µM), the reaction rate determined in this experiment reproduces previous determinations within experimental error. From 10 to 40°C, the effect of the temperature on the reaction rate is considered to be entirely due to thermodynamic effects on the catalytic mechanism of SPase I. This is supported by the fact that an increase of 10°C results in a an approximate doubling of the reaction rate. After 40°C there is a marked decrease in the rate that is due to the denaturation of SPase I.
Determination of E act of SPase I
The increase in reaction rate with temperature can be related to the activation energy using the Arrhenius equation. This equation relates the exponential relationship between these two factors to the free energy of activation. Figure 4 is an Arrhenius plot of the reaction rate data from Figure 3 from 10 to 40°C. Using this result, E act was calculated for the processing of pro-OmpA-nuclease A (wild-type) as 10.4 Ϯ 0.6 kcal/mol, which is in the same range as for other proteases such as chymotrypsin, pepsin, trypsin and carboxypeptidase, which have activation energies in the range 10-20 kcal/mol (Lumry, 1959) .
Discussion
Although several signal peptidases have been identified in the last few years, neither their catalytic mechanism nor their enzymatic properties have been well characterized. Recently, it was shown that SPase I functions using a mechanism that may be dependent on a unique serine-lysine dyad. This proposed mechanism, unlike the Ser-His-Asp triad of most proteases, was not expected to be very efficient (Black, 1993) . Recent work in this laboratory (Chatterjee et al., 1995) has indicated that the actual activity of SPase I is very high. In this work, we used this assay to determine the activation energy of SPase I. We have also shown that the folded state of the mature region of the precursor protein has no effect on the processing rate of the protein. This indicates that the recognition element of a secretory precursor is very small. Indeed, the consensus sequence is only three residues (Perlman and Halvorson, 1983) .
While a statement about the actual chemical or catalytic mechanism of SPase I is not possible from the foregoing data, nevertheless, the activation energy as determined here can provide an approximation of the rate-limiting step for the reaction catalyzed by this enzyme. As such, this determination allows a comparison of this enzyme's catalytic efficiency with those of other proteases. The discovery that the activation energy of SPase I is close to those of the serine protease family indicates that the proteolytic activity of this protein is very high. The only other serine-lysine protease activity that has been discovered to date is that of the LexA protein (Little, 1984 (Little, , 1993 Slilaty and Little, 1987; Slilaty and Vu, 1989; Kim and Little, 1993) . No direct comparison can be made between the k cat and K m of these two proteins, since the LexA reaction is intramolecular; however, the activation energy for LexA was found to be 21.7 kcal/mol, which is in the range of that for SPase I (Slilaty et al., 1986) .
Using data from in vivo secretory protein production and secretion rates, estimates for the minimally required k cat of SPase I are several orders of magnitude below the values we have determined (Chatterjee et al., 1985) . Hence the actual work that each molecule of SPase I must perform is not very great. So why has SPase I evolved such an efficient catalytic mechanism? This remains one of the unanswered questions about this enzyme.
